ABSTRACT
Introduction
Ribose, a functional five-carbon sugar and an emerging nutraceutical ingredient [1] , is known for its high reactivity with proteins via the Maillard reaction (a sugar-protein reaction) [2] . In the Maillard reaction, the ε-amino groups of the protein react with the carbonyl groups of reducing sugars to form Amadori products which further transform to browning, advanced glycation end products. In this case, ribose reportedly reacts with proteins much faster than other common sugars (e.g., glucose, fructose, galactose, rhamnose, lactose and arabinose), and results in glycated proteins with a higher radical scavenging and antioxidant activity [3, 4] . Because of its high reactivity, ribose has been used to modify the texture of noodles [5] and tofu [6] .
Products formed and bound to the proteins in the Maillard reaction can be detected using nitroblue tetrazolium (NBT). In the assay, the products (ketoamines) reduce NBT and produce a colored formazan dye with an absorption maximum at 530 nm [4] . Using this assay, Maillard reaction adducts (MRA) have been found in immature and mature roasted peanuts [7] . The latter not only reportedly has more MRA but also a higher immunoglobulin E (IgE) binding (i.e., allergenic capacity) than the immature roasted peanut. However, in the raw state, mature and immature peanuts are not different in MRA or IgE binding (unpublished data). This study postulated that mature and immature raw peanuts may be different or differentiated if their extracts are subjected to heating with a reducing sugar at mild temperatures (e.g., 37 -50˚C). The maturity of peanuts is important because immature raw peanuts tend to develop fruity fermented offflavors during roasting [8] . To date, the commonly known methods for identifying mature and immature raw peanuts are the size-screening [9] and hull-scraped pod color methods [10] .
The objective of this study was to determine if extracts from mature and immature raw peanuts are different in MRA and IgE binding when treated with a reducing sugar such as ribose under mild temperatures. Ribose was chosen because it is reportedly the most reactive reducing sugar in the Maillard reaction [4] . Other reducing sugars such as glucose and fructose were also examined to compare with ribose. IgE binding was determined because it has been shown to be related to MRA [11] [12] [13] [14] and peanut maturity [7, 11] . If confirmed, the current research (using ribose) may have a potential application in the prediction of peanut maturity and allergenic property prior to roasting, and could be an alternative method to the size-screening and hull-scraped pod color methods described above.
Materials and Methods

Materials
Goat anti-human IgE-peroxidase conjugate, Tris buffered 
Determination of Peanut Maturity
Maturity was determined by kernel size. In this case, Jumbo and #1 refer to mature and immature raw peanuts. Although kernel size is not an objective measure of maturity, the percentage of mature kernels in a sample generally increases with increasing size [9] . Also, maturity was determined by a visual hull-scrape color method [10] in which peanuts were sorted by pod color exposed after hull scraping. In this case, "Yellow" and "Black" refer to immature and mature raw peanuts.
Preparation of Extracts from
Mature/Immature Peanuts (Black/Yellow; Jumbo/ #1)
Normal raw peanuts (Forunner) and new breeds (higholeic peanuts) were used for this purpose. Prior to extraction, peanuts were sorted, based on color, for Black (mature) and Yellow (immature), and also, based on seed size, for Jumbo (mature) and #1 (immature). They were further processed into defatted peanut meals [7] by grinding the mature and immature raw seeds with a Wiley mill in acetone and then in hexane (both in dry ice), followed by air drying. Extracts were then prepared by stirring the defatted meals (400 mg) in 3 mL of 0.02 M sodium phosphate, pH 8.0, for 30 min at 25˚C, followed by centrifugation at 8500 g for 10 min. Concentration of proteins in the extract was determined using the BCA assay.
Treatment of Mature/Immature Peanut Extracts with Reducing Sugars
Treatment was performed with a slight modification of the method of Chobert et al. [4] . Briefly, extracts were each diluted to a concentration of 5 mg/mL and incubated (250 μL each) with 250 μL of 0.3 M sugar (ribose, glucose or fructose) in 0.3 M sodium phosphate buffer, pH 8, containing 0.01% sodium azide, respectively at 37˚C and 50˚C for 0, 2, 5 and 10 days. Two different temperatures were performed so a difference in the reaction rate could be compared. A temperature of higher than 50˚C was not carried out because proteins tended to aggregate under that condition. 
NBT Assay of Sugar-Treated
Determination of IgE Binding to Sugar-Treated Peanut Extracts
IgE bindings were determined in an indirect ELISA according to the method of Chung et al. [7] . Briefly, a microtiter plate was incubated with sugar-treated peanut extracts (20 μg/mL, 100 μL per well) at 37˚C for 2 hrs. After incubation and washing with TBS/Tween 20 (0.05%), the plate was blocked with a Superblock buffer solution (200 μL per well) overnight at room temperature. After blocking and wash, a diluted pooled plasma containing IgE antibodies (1:30) (100 μL) from peanut-allergic individuals was added to the plate and incubated for 30 min at room temperature. The plate was again washed, followed by addition and incubation of a goat anti-human IgE peroxidase conjugate (1:500) for 30 min at room temperature. After incubation and wash, a substrate of ophenylenediamine (0.5 mg/mL), containing 0.03% hy-drogen peroxide in 0.1 M citrate buffer, pH 5.5 was added. After 10 min, the color reaction was stopped by adding 4 N H 2 SO 4 (50 μL). The absorbance was read at 490 nm. All values are mean of triplicate. Statistical analyses were performed to determine the difference in mean between Yellow and Black and between #1 and Jumbo, using a Student's t-test (p < 0.05).
Results and Discussions
Ribose-Treated Mature/Immature Raw Peanut Extracts in NBT Assay
Normal peanuts (Florunner). Figure 1 shows the timecourse NBT reaction curves of mature and immature raw peanuts (Jumbo and #1) treated with ribose at 37˚C and 50˚C, respectively, for 0, 2, 5 and 10 days. On day 0, no curves were observed, indicating that there were no or undetectable Maillard reaction adducts in the untreated peanut extracts. On day 2 at 37˚C, adducts were detected, but the time-course curves for mature and immature peanuts did not show a difference or separation from each other. As the ribose treatment continued at 37˚C for 5 -10 days, the curves began to separate at 30 -50 min and form a "gap" region between them. This phenomenon also happened to the samples at 50˚C. However, at 50˚C, the "gap" was larger and more pronounced on days 5 and 10, as compared to 37˚C. Further treatment at a longer time (>10 days) did not yield a much larger "gap" region (data not shown). This indicates that the optimal treatment time for the "gap" region to occur was 10 days. The "gap" region described above is indicative of a difference in level of Maillard reaction adducts and a unique feature between immature and mature raw peanuts. In this case, mature peanuts exhibited a higher level of Maillard reaction adducts than the immature. The mechanism for this difference is not clear, but probably is because mature peanuts contain more of the following amino acid residues which reacted with ribose: lysine, tyrosine, phenylalanine [15] . These amino acids have been reported to be the most reactive in Maillard reaction among the three groups of amino acids proposed by Ashoor and Zent [16] , where Group 1 contains the above described amino acids; Group 2 includes alanine, valine, leucine, methionine, proline, asparagine and glutamine, followed by the less reactive Group 3 which includes histidine, arginine, aspartic acid, and glutamic acids.
To further support the above data, Yellow (Ye) and Black (Bl) which were classified as immature and mature raw peanuts, based on the hull-scrape color method [10] , were examined. Extracts of Ye & Bl were treated with ribose at 37˚C and 50˚C, respectively, for 10 days and then assayed with NBT. Day 10 was chosen because as described above, it was the time when the size of the "gap" region between immature and mature ribosetreated peanuts reached the maximum. Figure 2(a) shows the time-course NBT reaction curves of ribose-treated Ye and Bl at 37˚C and 50˚C, respectively. In both cases (37˚C and 50˚C), a gap region was seen, where Bl was always represented by the top curve and Ye represented by the bottom curve. Also, the "gap" was larger at 50˚C than at 37˚C. This finding agreed with the data (#1 and Jumbo) presented in Figure 1 , and indicates that the "gap" region could be a potential indicator of the difference between mature and immature raw peanuts.
New breeds (high-oleic peanuts). High-oleic peanut is a new peanut breed that has a higher content of oleic acid and a longer shelf-life than regular peanut [17] . The purpose of this experiment was to determine if a new breed behaves the same or differently from the regular peanut in the ribose treatment and NBT assay. In this case, Yellow (Ye) and Black (Bl) representing immature and mature raw high-oleic peanuts were used to compare with the normal peanuts (Florunner) (Figure 2) . Day 10 was chosen as described above. Figure 2(b) shows the timecourse curves of NBT reacting with Ye and Bl high-oleic extracts treated at 37˚C and 50˚C, respectively, with ribose on day 10. Again, a "gap" region or difference in levels of Maillard reaction adducts between Ye and Bl was seen. The data suggests that new peanut breed (higholeic) is not different from normal peanut (Florunner) in the ribose reaction and NBT assay.
Glucose-and Fructose-Treated Mature/Immature Raw Peanut Extracts in NBT Assay
Glucose and fructose are known to be less reactive with proteins than ribose in terms of forming Maillard reaction adducts [3, 4] . Whether these sugars, after reacting with peanut proteins, behave like ribose (i.e., forming a "gap" region) in the NBT assay is not known. The objective was to determine if the "gap" region forms in the NBT assay of glucose-and fructose-treated mature and immature raw peanut extracts. Figure 3 shows the typical time-course reaction curves of mature and immature raw peanuts (Jumbo and #1) treated with glucose and fructose, respectively, at 37˚C and 50˚C for 10 days. In all cases, both glucose and fructose treatments did not result in the formation of a "gap" region between #1 and Jumbo in the NBT assay. Further treatment with the sugars for a longer time (i.e., 20 days) yielded the same result (i.e., no gap), and similar patterns were also seen with Bl and Ye (data not shown). This finding indicates that glucose and fructose are different from ribose in their reactions with peanut proteins, and that mature and immature raw peanuts could not be differentiated in the NBT assay, using the glucose or fructose treatment. 
IgE Binding of Ribose-Treated Peanut Extracts in ELISA
the Maillard reaction, and a modification of such amino acid residues may decrease or increase IgE binding. However, in one study [13] , IgE binding to recombinant peanut allergen (Ara h 2) was shown to increase even when lysine residues were not present in the allergen undergoing the Maillard reaction. The mechanism for this phenomenon was not clear. Considering the fact that peanuts can be of different composition (due to a difference in variety), harvested and cured at different locations (leading to a variation in temperature and maturity), establishment of a relationship between IgE binding and Maillard reaction may sometimes be difficult, and thereby, discrepancies may or may not exist among studies, regarding the role of Maillard reaction in peanut allergy [11] [12] [13] 21] .
Effects of sugar-protein or Maillard reaction on the allergenic property or IgE binding to allergens from shrimp [18] , milk [19] , buckwheat [20] and peanuts [11] [12] [13] have been studied. In the latter three studies (peanuts), increased IgE binding has been reported. Also, glycation of a food allergen by the Maillard reaction has been shown to enhance its T-cell immunogenicity [14] . All this suggests that Maillard reaction could be capable of enhancing the allergenicity of food allergens in allergic subjects.To determine if Maillard reaction in this study has an effect on IgE binding of peanut proteins, sugar-treated peanut extracts were examined in an indirect ELISA. Figure 4 illustrates a typical profile of IgE binding of mature and immature peanuts (Jumbo and #1) treated with ribose at 50˚C for 0 -10 days. On day 0 -2, there was no difference in IgE binding between Jumbo and #1. It was not until days 5 and 10 that a significant increase (p < 0.05) in IgE binding of Jumbo was observed, but IgE binding of #1 remained unchanged during that period. At 37˚C, Jumbo and #1 were not different in IgE binding, and this also occurred to extracts treated with glucose and fructose at both temperatures (data not shown).
Conclusions
Raw peanuts such as normal (Florunner) and new breed (high-oleic peanut), each sorted into mature and immature peanuts, were treated with ribose, glucose and fructose, respectively, at 37 -50˚C for 0 -10 days, and analyzed with NBT for Maillard reaction adducts (MRA). Of the sugars (ribose, glucose, and fructose) tested, only ribose produced a big difference or a unique curve pattern (i.e., the "gap" region) in MRA between mature and immature raw peanuts. High oleic peanut exhibited a similar result, indicating that it is not different from normal peanut (Florunner) in the reaction with ribose. The unique curve pattern in MRA was more pronounced at 50˚C (day 5 and 10) than at 37˚C. IgE binding under this condition (50˚C, day 5 -10) increased, but only with ribose-treated mature raw peanut. It was concluded that mature and immature raw peanuts were different in MRA and IgE binding when treated with ribose only, and that under such a condition, mature and immature raw peanuts could be identified.
Based on the above findings, Maillard reaction appears to be associated with IgE binding only when the following conditions are met: 1) temperature; 2) length of treatment time; 3) maturity of peanuts; and 4) type of carbohydrate involved. In general, basic amino acid residues such as lysine from the protein are involved in
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